Normal and sickle cell erythrocyte membranes were examined for significant differences in their ATPase activities, thiobarbituric acid reactive products formed (measured relative t o malondialdehyde), membrane protein polymerization, and number of protein-free sulfhydryl groups when treated with 0.5 mmol/L t-butylhydroperoxide (tBHP) for 30 minutes. Isolated sickle cell membranes treated with tBHP produced significantly greater inhibition in both their basal and calmodulin-stimulated Caz+ + Mg2+-ATPase activities (75% inhibition in both cases) compared with that of control membranes. I n addition, there was significantly more malondialdehyde formed from sickle cell membranes compared with control membranes. Oxidation caused greater protein polymerization in sickle cell membranes compared with normal membranes as demonstrated by the formation of high molecular weight polymers separated on sodium dodecyl sulfate polyacrylamide gels. The number of free sulfhydryl groups present in spectrin and actin decreased more in sickle cell membranes as measured by 'H-N-ethyl maleimide autoradiography and gel scanning. To prevent enzyme inhibition, erythrocyte membranes were treated with tBHP in the presence of 1 mmol/L ascorbate, a potential RYTHROCYTES OF persons with sickle cell anemia E are subject to many changes due to the polymerization of hemoglobin S . Some of the membrane changes include: altered ion transport, altered cytoskeletal structure, phosphatidylserine transmembrane movement, and reduced enzyme function.' These changes appear to be associated with the formation of dense irreversibly sickled cells, the hallmark of this disease.
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It has been speculated that the formation of these dense cells may be caused by a transient increase of intracellular calcium. Indeed, alterations in Ca2+ + Mg'+-ATPase activities have been shown in sickle cell membranes, particularly that portion stimulated by ~almodulin.2.~ Sickle cell membranes are more oxidatively stressed than normal cells. Sickle cells spontaneously generate more reactive oxygen species including superoxide anion, hydroxyl radical, and hydrogen per~xide.~ Additionally, antiox-antioxidant, and 1 mmol/L desferal, an iron chelator. Both ascorbate and desferal added alone with tBHP were effective in preventing inhibition of the basal and calmodulin-stimulated Ca2+ + Mg2'-ATPase activities in normal membranes, but in sickle cell membranes only the addition of ascorbate and desferal together offered significant protection. The enhanced oxidation observed with sickle cell membranes can be mimicked in normal white membranes by adding hemoglobin, hemin, or ferrous chloride in the presence of tBHP. In contrast t o hemoglobin, ferrous chloride has the ability t o enhance membrane oxidation in the presence of ascorbate with or without tBHP. Furthermore, the addition of desferal t o these membranes greatly decreased the iron-ascorbatetBHP oxidation of erythrocyte membranes as determined by the sustained ATPase activities and the reduced formation of malondialdehyde. Maximal protection was provided by 1 mmol/L desferal in the presence of 1 mmol/L ascorbate, although some protection was observed even at 10 pmol/L, the lowest concentration tested. These results are discussed in light of the pro-and anti-oxidant effects of ascorbate in the absence and presence of iron and tBHP. 0 1992 by The American Society of Hematology.
idants such as vitamin C, vitamin E, and riboflavin are decreased in subjects with sickle cell anemia.6-9 Lipid peroxidation" and reduction in the membrane free sulfhydryl status" have been reported as changes in sickle cells resulting from the proposed oxidative stress.
Exposure of erythrocytes or erythrocyte membranes to hydroperoxides, particularly t-butylhydroperoxide (tBHP), can result in a number of membrane changes including lipid peroxidation,I2 malondialdehyde f~rmation,".'~ protein polymeri~ation,'~.'~ and protein amino acid degradation.I6 Enzymes are also inhibited by reactive oxygen species and the Ca2+-ATPase of erythrocyte membranes is one of the most sensitive of these enzymes."
The Ca2+-ATPase is an integral membrane protein with a molecular weight of 140,000 daltons." The enzyme is inhibited by sulfhydryl alkylating agents" and by diamide, a selective sulfhydryl oxidizing agent." The presence of phospholipids is required for optimal activity of the Ca2+-but inhibition of the enzyme by hydroperoxides can occur without significant lipid peroxidation."." Hydroperoxide inhibition of the Caz+-ATPase is enhanced by iron or iron-containing compounds such as hemoglobin and hemin. 22 Free iron and iron-containing compounds are believed to act as catalysts in the formation of reactive oxygen species. This is seen in the Fenton reaction, in which hydrogen peroxide and ferrous ion generate a hydroxyl radical:
Other iron-containing compounds may be able to replace the free iron molecule as the Fenton reagent in this reaction. The membranes of sickle cells possess higher levels of denatured hemoglobins,23 hemin, and nonheme iron.Z4,25 It is speculated that the nonheme iron component For personal use only. on August 30, 2017 . by guest www.bloodjournal.org From is free iron bound to the membrane, possibly chelated to anionic phospholipids. These iron compounds enhance the oxidative stress in sickle cell membranes, and this has been proposed as the cause for many of the changes that occur in sickle cell anemia, including dehydration and adhesivity.26
Because the Caz+-ATPase is sensitive to oxidative injury, particularly that catalyzed by the presence of iron or iron-containing compounds, it is proposed that the altered CaZ'-ATPase of sickle cell membranes may be due to iron-induced formation of reactive oxygen species. Consequently, both the sensitivity of sickle cell and normal membranes to treatment with tBHP were examined. Protection against this loss of enzyme activity by ascorbate and desferal was also tested.
MATERIALS AND METHODS
Preparation of eythrocyte membranes. Blood was obtained with consent from normal and sickle cell donors. The blood was centrifuged at 7, OOOg for 1 minute, and the plasma removed by aspiration. The packed red blood cells (RBCs) were washed four times with 0.9% NaCl solution. The supernatant and bum coat were removed after each washing. White ghosts were made by lysing 2 mL of cells with 30 mL of 10 mmol/L Tris [Tris(hydroxymethyl)-amino methane] buffer (pH 7.4) containing 1 mmol/L EDTA (ethylenediaminetetraacetic acid). Pellets were washed once more with Tris buffer + EDTA and twice more with 10 mmol/L Tris buffer (pH 7.4). Membrane pellets were collected after each step by centrifuging the lysed suspension at 15,OOOg for 10 minutes. The procedure for preparing pink ghosts, ie, membranes containing hemoglobin, have been reported previously." The concentration of hemoglobin in these preparations was measured to be about 2 pmol/L or 4% of the total membrane protein.
Membrane protein was measured routinely by the Bradford procedure*' using bovine plasma gamma globulin as standard.
Treatment of membranes with tBHP, ascorbate, and desferal. Suspensions of white ghosts (2 mL, 3 to 5 mg protein/&) were incubated with 0.5 mmol/L tBHP for 30 minutes at 37°C. Ascorbate and/or desferal were present in suspensions at a final concentration of 1 mmol/L where indicated in the figure legends. After incubation, the samples were centrifuged at 15,OOOg for 10 minutes. Two 0.4-mL samples from each supernatant were collected for use in the malondialdehyde measurement. The ghost pellets were washed twice with 15 vol (approximately 10 mL) of 10 mmol/L Tris buffer (pH 7.4). The final ghost pellets were resuspended to 1.0 mL with the same 10 mmol/L Tris pH 7.4 washing buffer.
MDA was measured by a modification of the procedures described by Bidlack and Tappel.= To each 0.4-mL sample of supernatant or standard was added 0.85 mL of 0.47% 2-thiobarbituric acid and 0.25 mL of 100% trichloroacetic acid. Each tube was placed in a boiling water bath for 15 minutes to develop the color and then cooled in a room-temperature water bath for 5 minutes. Samples were centrifuged at 80% for 15 minutes to sediment the small amount of denatured protein. The absorbance of each sample was measured at 532 nm in a Beckman spectrophotometer (Beckman Instruments Tnc, Fullerton, CA). Standard MDA was prepared by acid hydrolysis of 1,1,3,3-tetramethoxy propane followed by neutralization with NaOH. Levels In the experiments using ascorbate and/or desferal, appropriate blanks were prepared to compensate for the absorbance contributed by these compounds.
ATPase activity was measured by a modification of the method of Levine After the reaction was initiated with ATP, samples were incubated at 37°C for 60 minutes. The reaction was terminated by the addition of 0.7 mL ammonium molybdate reagent (0.5% ammonium molybdate, 2% sodium dodecyl sulfate, in 1 N sulfuric acid). Color was induced by the addition of 20 pL of ANSA reagent (0.2% l-amino-2-naphthol-4-sulfonic acid, 1.2% sodium sulfite, 1.2% sodium metabisulfite). After 30 minutes, absorbances of the samples were read at 650 nm in a Beckman spectrophotometer.
Nonheme iron associated with white erythrocyte membranes was measured using the ferrozine procedure described by Kuross and HebbeLZ -----------. performed in 30% methanol, 10% acetic acid. The destained gel was then scanned with an ISCO model 1312 scanner (ISCO Inc, Lincoln, NE) and the peaks quantitated using a Spectra Physics SP 4270 integrator (Spectra Physics, San Jose, CA). To prepare the gel for autoradiography, it was placed in "enhance solution" (En'Hance; NEN Research Products, Boston, MA) for 1 hour followed by water for 30 minutes and then the gel was dried using a slab gel drier (Model 1140; Hoefer Scientific Instruments, San Francisco, CA). For autoradiography, the dried gel was exposed to XARS Kodak film (Eastman Kodak, Rochester, NY) for 10 days at -75°C. The x-ray film was developed and the autoradiogram peaks scanned and integrated as described above for the gel. 'H-NEM/protein ratios of membrane proteins were calculated by dividing the integrated peak of the autoradiogram band by the integrated peak of the Coomassie-stained gel.
RESULTS

Effects of tBHP on normal and sickle cell membranes.
Incubating a suspension of normal erythrocyte membranes with 0.5 mmol/L tBHP for 60 minutes caused a 50% inhibition of Ca" + Mg"-ATPase activity and a 40% inhibition of calmodulin-stimulated Ca" + Mg"-ATPase, respectively (Fig 1) . The same treatment of sickle erythrocyte membrancs caused a basal and a calmodulin-stimulated Ca" + Mg'+-ATPase inhibition of about 75%, respectively (Fig 1) .
After tBHP treatment for 60 minutes, the formation of MDA in normal membranes increased almost 50%, while in sickle membranes the MDA level increased almost 200% (Fig 2) .
To assess the formation of high molecular weight protein polymers (HMWP) and protein sulfhydryl status after oxidation, membranes were treated with 'H-NEM and the labeled proteins separated by SDS-PAGE (Fig 3) . From the Coomassie-stained gel, it was apparent that a large band (HMWP present at the top of the gel) composed of polymerized membrane proteins, formed during treatment with tBHP. The HMWP band was evident at 10 minutes and became distinct at 30 minutes. This band formed in both normal and sickle cell membranes but it formed more rapidly in the latter. This was most apparent in the NEM-labeled band on the autoradiogram for the 10-minute samples. To dcterminc the loss of free sulfhydryl groups due to oxidation during tBHP incubation, the amount of 'H-NEM per protein band was quantified by integrating the peaks of the autoradiogram and the destained gel and taking the ratio for the corresponding bands. The results showed a 22% decrease in NEM labeling of sickle cell bands 1 + 2 (spectrin) over the 60-minute period and a 45% decrease in NEM labcling of sickle cell band 5 (actin) between 30 and 60 minutes. Although some decrease in label was observed for these bands in normal cells it was less than that seen in sickle cells. The free sulfhydryl groups associated with band 6, glyceraldchyde-3-phosphate dehydrogenase, were oxidized very rapidly on exposure to tBHP. For
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Effects of ascorbate and desferal on tBHP inhibition of normal and sickle cell membrane Ca2+ + MgF+-ATPase.
Treatment of white erythrocyte membranes with tBHP (0.5 mmol/L) for 30 minutes did not result in significant loss of enzyme activity or formation of MDA. Therefore, to assess the effects of ascorbate and desferal on normal membranes, oxidation was performed on pink ghosts. Treatment of pink erythrocyte membranes from normal subjects with 0.5 mmol/L tBHP caused a significant decrease in both basal and calmodulin-stimulated Caz+ + MgZ+-ATPase activities (63% and 68%, respectively; Fig 4A) . The addition of ascorbate to these membranes prevented the tBHPinduced losses of basal and calmodulin-stimulated activities allowing only 35% and 30% decreases, respectively. Treatment with 1 mmol/L desferal in the presence of tBHP yielded better protection, resulting in 22% and 14% inhibition of the basal and calmodulin-stimulated Caz+-ATPase activities relative to controls. The greatest protection against the loss of activity was obtained when both ascorbate and desferal were added to the membrane suspension contain- 
Effects of increasing concentrations of desferal on Ca2+ + M$'-ATPase activities in sickle erythrocyte membranes.
When a suspension of sickle erythrocyte membranes was treated with tBHP (0.5 mmol/L) and incubated for 30 minutes at 3TC, the basal Caz+ + Mg2+-ATPase activity was inhibited 71% (Fig 5, left) and the calmodulin-stimulated
CaZ+ + MgZ+-ATPase activity was inhibited 70% (Fig 5, right). Addition of 1 mmol/L ascorbate in the presence of tBHP increased the activities minimally (0.162 pmol/mg/h in the basal, 0.469 pmol/mg/h in the calmodulin-stimulated). Desferal was added in increasing concentrations in the presence of tBHP. In both the basal and the calmodulinstimulated samples, the greatest increase was seen when the membrane suspensions were treated with 1 mmol/L desferal. The basal Caz+ + Mgz+-ATPase activity increased to 56% of the untreated sample and the calmodulinstimulated CaZ+ + MgZ+-ATPase increased to 78% of the untreated sample. Effects of ascorbate on tBHP inhibition of normal membranes in the presence of hemoglobin and iron. We have reportedz6 previously that iron or iron-containing com- 100 pmol/L, the major effect observed is a 77% reduction in MDA formed. In contrast, the inhibition of the CaZ+ + MgZ+-ATPase by tBHP was not protected at all by ascorbate over this same concentration range (0 to 100 Fmol/L). Increasing the concentration of ascorbate from 0.1 mmol/L to 0.5 mmol/L provided significant protection for the Ca2+ + Me-ATPase with only a 34% reduction in activity, and reduced the MDA formation to near background levels of 0.17 nmol/mg. From these results it was decided that 1 mmol/L ascorbate could be used in experiments as a protective concentration against MDA formation with only a minor loss (30%) of enzyme activity.
The effects of ascorbate on tBHP inhibition of ATPase activities and MDA formation in white membranes plus 0.1 mmol/L FeC12-1 mmol/L adenosine diphosphate (ADP) are shown in Fig 7. In contrast to the protective effects of ascorbate with hemoglobin-enhanced tBHP oxidation, ascor- tions of ascorbate and iron can cause significant membrane oxidation and loss of enzyme activity. For this reason we measured the endogenous levels of nonheme iron associated with the membranes of normal subjects, subjects with sickle cell anemia, and subjects with other sickling disorders. The results are shown in Table 1 . The average membrane nonheme iron level of sickle cell subjects was 11.75 nmol/mg membrane protein, a value significantly higher than that of normal subjects or subjects with sickle cell &thalassemia or SC hemoglobinopathy. These results are similar to those published previously25 for sickle cell subjects, considering the different membrane protein concentrations that would be obtained using gamma globulin rather than albumin as the protein standard in the Bradford assay. Assuming that there are about 6 mg membrane protein per mL of ghost suspension (or per milliliter of packed RBCs), then the average nonheme iron concentration would be about 70 pmol/L. The decrease in iron-ascorbate-tBHP oxidation of erythrocyte membranes by desferal. Because ascorbate was observed to augment the oxidative effects on membranes by tBHP and FeCI,, we performed experiments to determine if chelation of the iron by desferal would alleviate the oxidative injury (Fig 9) . As expected, marked reduction in For personal use only. on August 30, 2017 . by guest www.bloodjournal.org From MDA production from 10.4 to 0.16 nmol/mg. Although not shown, the presence of ascorbate and iron without tBHP caused about a significant decrease (>50%) in both the basal and calmodulin-stimulated Caz+ + Mg2+-ATPase activities that could be prevented by the addition of desferal.
DISCUSSION
The effects of tBHP treatment on sickle cell membranes were enhanced relative to those on normal white erythrocyte membranes. In sickle cell membranes this treatment causes significant loss of Caz+ + M$'-ATPase activity and is accompanied by an increase in the formation of MDA, a thiobarbituric acid-reactive product of lipid peroxidat i~n . '~. '~ Because the loss of enzyme activity was greater and the MDA formation levels were higher in sickle cell membrane samples than in normal membrane samples treated with the same concentration of tBHP (0.5 mmol/L), it became evident that some membrane-associated component of the sickle cell membrane may be acting to catalyze the oxidative effects of tBHP. It has been shown that many iron or iron-containing compounds are found in excess levels in sickle cells,23 and it is also known that some forms of physiologic iron can catalyze the formation of reactive oxygen species through the Fenton reaction. There is even visible evidence of some membrane component present in sickle cells that is not seen in normal cells. After identical washings and lysings (see Materials and Methods), sickle membranes have an amber color, while normal membranes appear white. Based on these findings and observations, one possible cause that was considered was that nonheme iron and/or iron-containing components found in excess levels in the sickle cell membrane catalyze the formation of reactive oxygen species in the presence of tBHP, thereby increasing oxidative damage to the cell.
The presence of a membrane-associated iron compound has apparently been demonstrated by the effects of treatment of normal and sickle membranes with 1 mmol/L ascorbate in the presence of tBHP. Ascorbate is known to act as an antioxidant,22 and sickle cell patients have been shown to have lower physiologic levels of ascorbic acid and other natural antioxidants such as vitamin E and ribofla~in.6.~ However, it has also been shown that in levels higher than physiologic (20 kmol/L), ascorbate can react with free iron molecules to catalyze the formation of hydroxyl radical~.~*-'~ In our experiment, membrane suspensions were treated with 1 mmol/L ascorbate and 0.5 mmol/L tBHP, and incubated for 30 minutes at 37°C. In normal membranes, ascorbate showed protective effects by increasing enzyme activities and decreasing MDA levels relative to samples treated with tBHP alone. In sickle cell membranes, addition of ascorbate gave different results. The enzyme activity was increased only slightly and the MDA levels were also increased over the levels observed in the samples treated with tBHP alone. The ascorbate did not protect against lipid peroxidation as it did in the normal membranes. We propose that this is due to an iron component in the sickle cell membrane that reacts with the ascorbate to form hydroxyl radicals and enhance oxidative injury.
If some nonheme iron is bound to the membranes of sickle cells that can react with ascorbate to enhance oxidation, then it is possible that chelation of this iron component with desferal would allow ascorbate to have the same protective effects in sickle cell membranes as it has in normal cell membranes. Indeed, the desferal did have this effect. Furthermore, it seemed reasonable to presume that if a suspension of membranes were treated with both ascorbate and desferal in the presence of tBHP, the desferal would chelate the nonheme iron component, and the ascorbate would be able to act as an anti-oxidant instead of a pro-oxidant. The results support this presumption.
On treatment of normal membranes with 1 mmol/L ascorbate and 1 mmol/L desferal in the presence of tBHP, almost total recovery of basal Caz+ + Mg2+-ATPase activity was observed; a recovery of calmodulin-stimulated ATPase activity to a level higher than the control sample not treated with tBHP was also observed. In sickle cell membranes, treatment with ascorbate and desferal in the presence of tBHP gave significantly higher activities for both the basal and calmodulin-stimulated ATPase and significantly lower levels of MDA production than in the samples treated with ascorbate and tBHP alone. This would support the concept that the use of ascorbate and desferal together would help protect against oxidative damage seen in sickle cell patients, but further investigation must be made to assess any future therapeutic value that these agents may have.
